ABSTRACT
C
ushing syndrome (CS) is a rare endocrine disease with a prevalence of approximately 40 cases per million inhabitants, 1 in which diagnosis and, therefore, treatment are often delayed for months or years. It is caused by excessive cortisol exposure due to an adrenocorticotropin-secreting pituitary adenoma (Cushing disease), an adrenal adenoma, or an ectopic secretion of adrenocorticotropin by tumors in other organs. 2 It causes a range of physical and psychological symptoms, including depression and apathy. 3 The so-called glucocorticoid cascade hypothesis, based on animal models, associates the harmful effects of glucocorticoid excess on the structure, function, and vitality of brain cells. 4 Excessive exposure to glucocorticoid leads to changes in plasticity, reduced neurogenesis, and cell loss in the hippocampus. 5 Besides, cortisol induces myelin loss around axons in postnatal rats, 6 and more recent evidence indicates that prolonged exposure to ele-vated glucocorticoid may alter oligodendrocyte-mediated remyelination. 7, 8 Thus, cortisol excess most likely alters the microstructure of cerebral white matter, targeting the myelinated axonal tracts in the brains of patients with CS. Moreover, hypercortisolism frequently determines diabetes mellitus, central obesity, and thrombophilia, which increase cardiovascular disease, 9 the main cause of mortality in CS, even after biochemical cure. 10 These comorbidities may also affect cerebral WM microstructure in CS. 11 A few imaging studies have investigated brain structures in patients with CS.
12, 13 Starkman et al, 14 using MR imaging, found a relationship among hippocampal volume reduction, memory dysfunction, and elevated cortisol levels in CS. More recent studies, including CT and MR imaging, have described loss of brain volume in CS. 15 With MR imaging and automated volumetry, hippocampal volume reductions were found in patients with CS with severe memory deficits. 16 A more recent study investigated WM with DTI in patients in long-term remission of Cushing disease and observed widespread abnormalities. The authors also observed a loss of integrity of the uncinate fasciculus, which was related to the severity of depression. 17 They concluded that structural changes in WM integrity in the brain persisted after hypercortisolism cure 17 ; but patients with active disease were not included, and cardiovascular risk factors were not reported.
DTI is an MR imaging technique that allows noninvasive, in vivo study of the brain by assessing the motion of water molecules along and across neural axons. 18, 19 Different DTI maps show the WM architecture 20 and can depict microstructural WM abnormalities. Fractional anisotropy (FA) reflects WM integrity, while increases in mean diffusivity (MD) may be caused by demyelination or edema. 21 Decreases in axial diffusivity (AD) indicate axonal loss, 22 while increased radial diffusivity (RD) is related to demyelination. 21 The aim of this study was to investigate cerebral WM microstructure in patients with CS compared with healthy controls by using DTI. It was hypothesized that WM integrity in the brain of patients with CS was altered, reflecting microstructural changes, and that these alterations persisted after remission or cure of hypercortisolism.
A first DTI analysis was performed comparing patients with CS with healthy controls, followed by a second analysis in which patients were separated into active CS, remitted CS, and cured CS. Comorbidities known to increase cardiovascular risk were investigated as covariates. Correlations of WM changes with 24-hour urinary free cortisol (UFC) values and the duration of hypercortisolism were also investigated.
MATERIALS AND METHODS

Participants
Thirty-five patients with CS and 35 healthy control volunteers matched for sex, age (Ϯ3 years), and years of education (Ϯ3 years) were included. Eight patients had active hypercortisolism, 7 had remitted hypercortisolism on medical therapy, and 20 were cured after surgery (Table) . Remission of hypercortisolism was considered when patients achieved adrenal insufficiency or morning cortisol suppression (Ͻ50 nmol/L, Ͻ1.8/g/dL) after 1 mg dexamethasone overnight and had repeatedly normal 24-hour UFC levels (Ͻ280 nmol/24 hours). Disease duration, 24-hour UFC levels, and clinical variables related to cardiovascular risk (smoking, hypertension, dyslipidemia, central obesity, and increased body mass index) were collected (Table) . Disease duration was defined by the endocrinologist in charge as the time from symptom onset until remission of hypercortisolism after treatment. At diagnosis, duration of hypercortisolism was estimated by personal interview and detailed review of medical records and photographs of patients. All information was written or kept in clinical records, together with biochemical data. Patients with diabetes mellitus were excluded because it is known to affect WM. 23 All subjects were right-handed and signed an informed consent after approval of the study by the ethics committee of the hospital. No subject had brain injury or clinical cerebrovascular disease.
Image Processing
DTI processing was performed at the computing of Port d'Informació Científica in Barcelona through a designed, portalbased platform, including fMRI of the Brain Software Library 
RESULTS
Analysis 1: Comparison between Patients with CS and Controls
Demographic and Clinical Variables. Because of the matched study design, no differences in age, sex, or years of education between patients with CS and controls were present. Differences were found for comorbidities: hypertension (0 controls/15 patients with CS; P Ͻ .001), hypertriglyceridemia (6 controls/17 patients with CS; P ϭ .004), central obesity (10 controls/24 patients with CS; P Ͻ .001), and body mass index (22, healthy, Ͻ25; 11 overweight, between 25 and 30; and 2 obese, Ͼ30 controls versus 11 healthy, 17 overweight, and 7 obese patients with CS; P ϭ .019). To correct for these differences, we included these comorbidities as covariates in the DTI analysis. No differences in smoking (12 nonsmokers, 12 smokers, and 11 ex-smokers among controls versus 18 nonsmokers, 10 smokers, and 7 ex-smokers in patients with CS) or in the prevalence of hypercholesterolemia (4 healthy controls versus 4 patients with CS) were observed between groups.
DTI Analysis
The Figure shows widespread FA decreases (A) and MD (B), AD (C), and RD (D) increases in all patients with CS compared with controls (P Ͻ .05). No differences were found in the reverse comparisons (ie, controls had neither lower FAs nor higher MD, AD, or RDs than patients with CS).
Analysis 2: Comparison between Patients with Active, Remitted, and Cured CS and Controls
Demographic and Clinical Characteristics. No differences were found in age, sex, or years of education between controls and any of the CS subgroups. Twenty-four-hour UFC levels in patients with active CS were higher than in those in the other 3 groups. The prevalence of hypertension, hypertriglyceridemia, central obesity, and increased body mass index differed among groups, so they were analyzed as covariates in DTI analysis (Table) . Smoking and hypercholesterolemia did not differ among groups. No differences in disease duration or etiology among the CS groups were found.
DTI Analysis
On-line No differences were found in any DTI maps/values (FA, MD, AD, or RD) among the 3 subgroups of patients with CS (active, remitted, and cured).
Correlation Analysis
No correlations were found for any DTI maps (FA, MD, AD, and RD) with the 24-hour UFC levels of healthy controls (n ϭ 28) or patients with CS (n ϭ 34) or with disease duration in patients with CS.
DISCUSSION
This study demonstrates widespread WM alterations on DTI in the brains of patients with CS compared with healthy controls, which persist after controlling for cardiovascular risk factors (hypertension, dyslipidemia, and obesity). The pattern of WM involvement, with decreased FA and increased MD, AD, and RD, suggests an underlying loss of WM integrity and predominant demyelination. The subgroup analysis demonstrates this same pattern of WM involvement in patients with active, remitted, and cured CS, without any correlation among DTI values, concomitant 24-hour UFC levels, or disease duration. These results imply that WM damage does not depend on current hypercortisolism because it persists after remission/cure of CS. These findings support the recent concept that once WM damage has occurred after early exposure to hypercortisolism, it is not completely reversible, despite successful treatment with surgery or medical therapy. It adds to the growing body of evidence that residual morbidity persists after endocrine control of CS. 17 Although most DTI studies refer to FA values, the other DTI maps/parameters provide additional information on WM microstructure that expands the understanding of WM integrity. Reduced FA values indicate loss of fiber coherence and therefore of WM integrity. An increase in overall water diffusion in all directions (MD) may reflect demyelination 27 or edema 21 ; more specif-ically, radial diffusivity measures diffusion perpendicular to the tract and relates to myelin sheath integrity, 28 so it is increased in demyelination. 21, 29 The overall local magnitude of diffusion parallel to the tract (axial diffusivity) provides information on axonal integrity, so reduced AD values indicate axonal loss. 22 Nevertheless, any microstructural features of WM inferred from DTI maps are indirect measures of the real biologic structure and should be interpreted with caution. 30, 31 Our study demonstrates widespread WM damage throughout the brains of patients with CS, with reduced FA and increased diffusivities, including RD, which persist after controlling for cardiovascular risk factors and clinical variables that may also alter WM (including hypertension, dyslipidemia, and obesity). These microstructural changes in the WM of patients with CS reflect loss of integrity mainly due to demyelination but not to axonal loss. Our results are similar to those obtained in a recent DTI study of 22 patients with CS in long-term remission (11 years) after surgery, by using a similar DTI methodology. 17 These authors reported findings similar to ours, with patients with CS having widespread reduced FA values in WM, including the corpus callosum, bilateral cingulate gyrus, and bilateral uncinate fasciculus.
They also found increased RD values, similar to our results, indicating predominant underlying demyelination in altered WM tracts. The observed increases in RD should, nevertheless, be interpreted with caution, especially in regions containing white matter tract crossings, as has been previously reported. 31 Our results expand the findings not only to patients in long-term remission but also in those with active hypercortisolism and those with remitted CS on medical therapy. Furthermore, cardiovascular risk factors, which may also damage the brain WM, were controlled for in our study. Evidence indicates that glucocorticoid may contribute to brain aging 5 and produce WM changes on DTI 32 similar to those found in CS. The pattern of WM involvement in aging has been termed "chronic WM degeneration" and includes increased extracellular volume (edema) and lower membrane attenuation as a consequence of myelin loss, smaller axonal ratio volume, higher axonal interspace, and reductions in extracellular tortuosity. 33 These microstructural WM changes are similar to the DTI changes observed in patients with CS in our study.
Some studies have reported a certain degree of reversibility of brain 34 and hippocampal volume loss 35 after hypercortisolism correction. However, metabolic abnormalities in the hippocampi of patients with cured CS, namely persistent neuronal dysfunction/loss and glial proliferation, have recently been observed, 36 which agree with the DTI alterations we have now observed in patients with remitted and cured CS. Most interesting, it has been suggested that chronic exposure to glucocorticoid in the central nervous system could cause inflammation, 37 which may trigger WM microstructure damage in patients with CS, as found in the present study. Moreover, high cortisol levels are known to increase the prevalence of cardiovascular risk factors 9,11 such as hypertension, dyslipidemia, and obesity, which could also affect WM microstructure. Therefore, we corrected for these cardiovascular risk factors, which differed among groups of patients with CS; but WM damage was observed independent of the existence or absence of these comorbidities. We excluded patients and controls with diabetes, another disease known to damage brain WM. Our results lead us to hypothesize that exposure to hypercortisolism plays the major role, possibly mediated by inflammation, 37 and is responsible for the persistence of WM damage in remitted/cured patients with CS. 38 Our study has some limitations: first, the small sample of subjects included, which is difficult to overcome in a rare endocrine FIGURE. Differences (P Ͻ .05) in DTI maps among all patients with CS and controls by using hypertension, hypertriglyceridemia, central obesity, and body mass index as covariates.
disease like CS. Compared with controls, patients with remitted CS showed decreased FA and increased MD and RD only, with no changes in AD, these results being different from those observed in patients with active and cured CS; this lack of change in AD may be due to the small sample size. Second, the DTI study, although methodologically robust, is cross-sectional and includes patients with CS in different stages of the disease (active, remitted, and cured). To clearly define the influence of hypercortisolism on WM alterations, larger longitudinal studies are desirable. Finally, our study did not address the functional significance of WM alterations and whether they relate to psychology.
CONCLUSIONS
WM damage on DTI in the brains of patients with CS suggests widespread integrity loss and predominant demyelination. These alterations seem to be independent of concomitant hypercortisolism and the presence or absence of other cardiovascular risk factors like hypertension, dyslipidemia, and obesity, and they persist despite remission/cure. When they occur and the mechanisms and the potential modifiers involved remain unclear.
